T
he renaturation or hybridization of DNA, i.e., the formation of duplexed strands (dsDNA) from complementary single strands (ssDNA), is of fundamental importance. Many natural processes depend on the systematic denaturation and rezippering of DNA, including replication during cell division, transcription in the synthesis of RNA, and gene expression or regulation (1) . In the laboratory, amplification of DNA sequences via PCR relies on thermal cycling (2) . From an engineering perspective, self-assembly processes that are based on nucleic base complementarity are gaining widespread use for the production of organized, hierarchical nanostructures (3, 4) . A better understanding of the molecular mechanisms involved in DNA melting and rehybridization could shed light on relevant biochemical processes and could help establish design principles for DNAbased nanoscale assembly. Double-stranded DNA arises from specific interactions between nitrogenous bases (A, C, G, and T); these include intrastrand base-stacking and interstrand Watson-Crick (AT or CG) base pairing. Such interactions can be thermally perturbed to yield ssDNA by denaturation, resulting in the so-called ''melting'' (or ssDNA-dsDNA) transition. With a proper annealing protocol, it is possible to renature or hybridize DNA, i.e., to reverse the effects of melting. The transition can be traced with the extent of reaction, , an order parameter defined as the fraction of any Watson-Crick base pairs from the n ideal duplex base pairs. Experimentally, is followed by measuring changes in UV absorbance or solution viscosity of the system (5) .
The melting transition of DNA has been perceived to be a first-order phase transition (6) (7) (8) , and the mechanism has traditionally been assumed to occur via a two-state process: one being ssDNA ( ϭ 0), and the other being dsDNA ( ϭ 1). Known as the ''all-or-none'' simplification, the two-state assumption is often invoked in theoretical constructs to treat experimental data. Many cases exist, however, where this mechanism is at odds with available experimental data (9) (10) (11) (12) . The origin of this observation, especially among similar DNA sequences, is unclear. Thus, approaches that elucidate the renaturation of DNA given an arbitrary sequence continue to be of great interest for their application in the design and optimization of self-assembly protocols.
In this report, we present a molecular study on the pathways that DNA follows as it undergoes melting and renaturation. The picture that emerges is one where nucleotide sequence plays a significant role in the ssDNA-dsDNA transition. When a nucleotide sequence consists of a repetitive motif in ssDNA, the pathway for reassociation tends to be nonspecific and involves multiple molecular intermediate species in the transition state. On the other hand, when a sequence is random, with an irregular pattern of bases on ssDNA, the process is more restrictive, requiring the formation of key base pairs for hybridization to proceed. This results in a pathway whose transition state is populated by intermediate molecular species that share common paired bases.
Model and Methods
To approach the problem of the ssDNA-dsDNA transition, we use an off-lattice, coarse grain model originally developed by Knotts et al. (13) and subsequently improved by Sambriski et al. (14) to account for molecular renaturation. This construct maps the three chemical moieties in a nucleotide (sugar, phosphate, and nucleic base) onto three interaction sites, thus providing resolution at the base-pair level. The solvent is treated implicitly by using Langevin Dynamics (LD) with an effective friction coefficient. In this study, electrostatic interactions are treated at the level of Debye-Hückel theory, justified here by the weak electrolytic conditions used. The force field includes both intraand interstrand contributions, the details of which are provided in refs. 13 and 14. The model captures both major and minor grooves of DNA, has been shown to reproduce quantitatively experimental denaturation temperatures as a function of base composition as well as ionic strength, exhibits the correct dependence of DNA persistence length with ionic strength, and resolves a DNA nucleotide into three chemical moieties while enabling nanoscale resolution. Collectively, these features are highly relevant to the studies of DNA hybridization described in what follows.
DNA duplexation can be viewed as a transient, rare event hindered by large entropic barriers. To investigate the ssDNAdsDNA transition, an approach that relies on importance sampling of trajectory space must be adopted. In this work, Transition Path Sampling (TPS) (15) is used. We begin by ''mining'' for a reactive trajectory, or primitive path; this is an initial trajectory that spans two states of interest [here, dsDNA (state A) and ssDNA (state B)]. New paths are created through This article is a PNAS Direct Submission.
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shooting moves, in which the primitive path is perturbed along some time frame. In our case, the time frame is perturbed by reassigning momenta, which coupled with an LD integrator, yields uncorrelated trajectories. From a chosen time frame, integration is performed forward and backward in time to acquire a complete trajectory. If a trial leads to an unreactive path (a path that does not span states A and B), the trajectory is rejected, and a new frame is selected at random. Otherwise, the trajectory is accepted, and a new shooting move is attempted. An ensemble of reactive paths, the Transition Path Ensemble (TPE), is thereby generated and analyzed.
Analysis of the TPE yields the Transition State Ensemble (TSE), the set of configurations that are equally likely to end in either of states A or B when subjected to a series of fleeting trajectories. These configurations are sampled by randomly choosing time points from a path in the TPE. A fleeting trajectory is initialized by assigning momenta at random from a Maxwell-Boltzmann distribution at the temperature of interest, and then subjecting it to LD.
A configuration is considered to be part of the TSE by evaluating its committor probability (with respect to state B),
Nf h B i , where N f denotes the total number of fleeting trajectories, whereas h B i represents a counting function of configurations in state B of the ith trajectory. If the fleeting trajectory of a configuration with some value of Ͻ 1 successfully reaches state B, then we set h B i ϭ 1; otherwise we set h B i ϭ 0. A configuration is classified as belonging to the TSE when P B ϭ 0.5, within statistical tolerance. In our studies, N f ϭ 100 and, at the 95% confidence interval, a tolerance of 0.4 Ͻ P B Ͻ 0.6 is used.
To study a phase transition, an order parameter that distinguishes between the relevant phases of the system must be identified. Here, we focus on the ssDNA-dsDNA phase transition; we therefore adopt a definition of in which it denotes the fraction of any Watson-Crick interstrand base pairs from the n possible ideal base pairs that a molecule can form. The DNA ''reaction'' is envisioned as a nonconstrained progression of the system from ssDNA ( Ն 0) to dsDNA ( Յ 1). In classifying configurations of the TSE, the system is considered to be in state B if Ն 0.8 during 25% of the fleeting trajectory (and for which we assign h B i ϭ 1).
Results and Discussion
The systems considered in this study, which have been previously investigated experimentally (16) , are listed in Table 1 . This set of oligonucleotides enables us to examine the effects of strand length and nucleotide sequence. The systems are further differentiated by the fraction of CG contacts, f CG . For brevity, when discussing different DNA molecules, we refer to each according to the nomenclature appearing in the first column of Table 1 . For the short, repetitive sequence, we did not consider the n ϭ 15 case, since it is less interesting because of symmetry considerations. The melting temperature, T m , for each molecule is provided in Table 2 (all systems were studied under identical ionic strength conditions). All TPS simulations were performed at Ϸ5 K below T m , a range that expedites the emergence of multiple reassociation events.
The TPE for each system was acquired from LD trajectories spanning 20 ns and 100 ns for n ϭ 14,15 and n ϭ 30, respectively. Fleeting trajectories were 10% of the duration of the TPE trajectories, a time scale sufficiently long to enable molecules to commit to a given state. Once the TSE was collected, it was characterized by calculating the probability of observing an extent of reaction, P(). Results for P() are shown in Fig. 1 ; the corresponding ensemble sizes of the TPE and TSE are listed in the last two columns of Table 2 . It can be observed that, for larger chains (30-base pair systems), a bimodal distribution arises, consisting of nucleation events with a small and an intermediate number of base pair contacts. For both short and long chains, random sequences tend to display a sharper distribution for the extent of reaction in the transition state. For repetitive sequences, the corresponding distribution is much broader. These observations support the notion that a preferred pathway for renaturation is in fact encoded in an oligonucleotide sequence: Repetitive sequences favor a less specific or more diffuse pathway to renaturation, whereas random sequences follow a restrictive pathway in which a nucleation event must occur for rehybridization to proceed.
Further evidence for the presence of restrictive pathways and nucleation events for renaturation can be gleaned from the probability of base pair formation, ⌸ ij , shown in Fig. 2 . This function describes the probability of observing a complementary (Watson-Crick) base pair in the TSE, formed between the ith base of the sense strand and the jth base of the antisense strand. Entries along the diagonal of each distribution (black line) represent ideal base pair contacts for dsDNA. Note that for REP14 and REP30, weak ''filtering'' occurs in the formation of base pairs on renaturation, resulting in the broad appearance of P(). On the other hand, RAN15 and RAN30 clearly exhibit a preference for specific base pairs. The MIX30 system is an interesting example because it contains both a repetitive domain (note the set of four AGT triplets on the 3Ј end of the sense strand) and a random domain (on the opposite end). The profile of ⌸ ij exhibits preferential association along the repetitive domain of the chain. Plausibly, this observation is due to a combinatorial effect: the presence of adjacent, repeating motifs allows for interconversion of molecular arrangements of similar stability with minimal entropic penalties. In the case of a random domain, base pair ''filtering'' is more stringent due to entropic costs and different stabilities in molecular arrangements, resulting in preferred base pair contacts.
Insight into the process of DNA renaturation can be garnered by studying configurations in the TSE for which Ϸ 0.0. To this end, we extracted configurations from the TSE in which only a few base pairs have formed, ensuring a sample of Ն5% of the TSE size (see Table 2 ). In the case of REP14 and RAN15, configurations with one base pair (n ϭ 1) were collected, whereas for REP30, MIX30, and RAN30, configurations with four (n ϭ 4) base pairs were selected. Results for the corresponding ⌸ ij are shown in Fig. 2 Right, which suggest the impressive feature that for small , sequence effects dominate the pathway for renaturation. In all cases, nucleation preferentially involves contacts in domains where multiple complementary base pairs can form (i.e., in regions with a repetitive motif) and is biased toward the center of the molecule. For the MIX30 case, the latter preference is less pronounced because the repetitive motif at the 3Ј end of the sense strand biases a higher probability of favorable contacts. This effect appears to be silenced in REP14 and REP30.
In Fig. 3 , base pair contacts, appearing with the highest probability as shown in Fig. 2 , are presented schematically. The results suggest that in the TSE, configurations in which chains are offset by approximately four base pairs are prevalent. A molecular arrangement in which complementary strands are slightly offset with respect to each other appears to be entropically driven: The dangling ends of DNA strands allow the system to sample molecular arrangements of similar stability without losing too much entropy on full reassociation.
The possibility that complementary strands of DNA slide, or ''slither,'' past each other en route to duplexation is hinted at by the presence of dangling ends. Evidence for this mechanism can be found by inspecting ⌸ ij at different values of P B , a procedure akin to uncovering the binding preferences that a strand exhibits as it crosses a free energy barrier (or the separatrix, in TPS terminology) (15) . Relevant data are shown in Fig. 4 for the REP30 and RAN30 systems. The REP30 system systematically matches the periodicity of the complementary sequence as P B increases, an effect that can arise from ''molecular slithering.'' In the RAN30 case, this trend is not evident and, upon approaching higher values of P B , the general features of ⌸ ij remain qualitatively similar, suggesting that the renewal of base pairs is not 
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strongly favored. A plausible scenario for RAN30 is one in which a strand forms key contacts with its partner, allowing the system to then ''snap'' into a duplexed state. Collectively, these observations also hold for the shorter oligonucleotides. Another characterization of the TSE was obtained by plotting the potential energy of the system as a function of the extent of reaction, U(), shown in Fig. 5 . A significant amount of overlap between energy levels of Ϸ0.5 k B T among neighboring states is observed. This is consistent with prior studies that characterize the ssDNA-dsDNA transition in the context of an Expanded Ensemble calculation (see ref. 17) . Moreover, as the ''randomness'' of an oligonucleotide increases, the extent of ''filtering'' of U() is stronger (e.g., compare the n ϭ 30 systems in Fig. 5 ), an effect that is also coupled to the appearance of P() and ⌸ ij . The subtle decrease in potential energy with increasing , as shown in Fig. 5 , is due to interstrand base pairs and gives way to renaturation intermediates of similar molecular stability. These results indicate that the potential energy of the system is not a discerning order parameter to describe the ssDNA-dsDNA transition, and assert the interconversion of molecular arrangements of similar stability.
The approach presented here identifies molecular intermediates involved in the reassociation of specific DNA oligonucleotides, without resorting to a priori assumptions on the mechanistic pathway. An important example where this ancillary information can be used involves melting profiles of oligonucleotides obtained Fig. 3 . Identification of DNA base pairs (gray bands) with a renormalized value of ⌸ ij Ն 0.8 in the TSE, as shown in Fig. 2 Left (systems are similarly arranged from top to bottom). The sense strand is the top sequence of each duplex, and the 5Ј end is denoted by an oblique bar. Sites shown represent base moieties (backbone sites are not shown for clarity): A (magenta circles), C (green squares), G (orange squares), and T (blue circles). Fig. 4 . Plots of ⌸ij for all n, in which evaluations were performed at the committor probabilities, P B, indicated on the ordinate axes. Shown are results for the REP30 (Left) and RAN30 (Right) systems. Each plot is labeled as in Fig. 2 , with corresponding color scale. For a given system, plots are arranged such that P B decreases from top to bottom. For PB 0.5, the size of the TSE is of O (500).
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from UV absorbance or solution viscosity, which need not yield the same denaturation temperature (5) . These measurements are dominated by small-chain effects, in which the ssDNA-dsDNA transition spans temperature intervals of 10-30 K (16, 18) , and may be dismissed as an order-disorder (continuous) transition. However, the treatment of data typically invokes an all-or-none, infinitely cooperative model (19) that is largely characteristic of first-order (discontinuous) transitions (20) . This incompatibility is difficult to reconcile and has challenged our understanding of the nature of the transition. However, by sampling molecular configurations in the transition state with TPS simulations, as is done here, the transition can be characterized for specific sequences by exploring the distribution of P(). Sequences that display a narrow distribution may favor an all-or-none pathway, where the cooperativity arising from key base pair contacts is needed before hybridization can occur. Sequences with a broad distribution may favor a diffusive pathway, where a variety of molecular intermediates are almost equally likely to contribute in a system with a continuous rehybridization transition. This information is especially useful when systems share similar melting profiles but have distinct renaturation pathways. A case in point is the comparison between n ϭ 1 configurations found in the TSE of the REP14 and RAN15 sequences. Accounting only for complementary interstrand contacts, there are 98 possible arrangements in the former, whereas the latter has 83 such possibilities. Remarkably, in the transition state, only three specific base pairs are prevalent in RAN15, whereas many more base pairs occur in REP14 (see Fig. 2 ).
Conclusion
Two qualitatively different behaviors, which depend on base pair sequence, emerge in DNA hybridization. Complementary strands composed entirely of a random sequence assemble into dsDNA by forming key contacts. Such contacts tend to occur when a few adjacent Watson-Crick bases exist on the complementary strand for a given base pair. This pairing favors arrangements in which DNA strands are slightly offset from ideal duplexation. A nucleation event involving these key contacts is necessary and sufficient to send the molecule down a rehybridization funnel that favors a specific pathway and thus restricts the molecular species found in the TSE [e.g., by favoring a narrow P() distribution]. In contrast, repetitive motifs relieve those restrictions by posing multiple possibilities for complementary base pairs. When present only in a localized region of the molecule, these motifs offer a control to bias the molecular species found in the TSE (i.e., those configurations that exhibit base pairing in this region). When the motif extends over the entire molecule, the pathway to renaturation is nonspecific, as evidenced by a broad P() distribution and a diverse population of molecular intermediates in the TSE. The information from the present analysis offers initial design principles to optimize molecular reassociation through the interplay of these two behaviors. For example, a random sequence tailored for a unique molecular recognition event can be prompted by f lanking either side with a short concatemer (i.e., a sequence consisting of a repetitive motif). Such principles could be useful in addressing problems that require optimization in the selectivity and sensitivity of DNA reassociation and/or hybridization, including microarray-based bioassays (18, 21) and the assembly of nanoscale structures (4, 22) . Ϫ1 , and scaled by the total number of interaction sites in the system, N (systems are similarly arranged from top to bottom as in Fig. 2 ).
